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Spin-dependent beating patterns in thermoelectric properties: filtering the carriers of
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We theoretically investigate the thermoelectric properties of a spin-polarized two-dimensional
electron gas hosting a Kondo adatom hybridized with an STM tip. Such a setup is treated within the
single-impurity Anderson model in combination with the atomic approach for the Green’s functions.
Due to the spin dependence of the Fermi wavenumbers the electrical and thermal conductances,
together with thermopower and Lorenz number reveal beating patterns as function of the STM tip
position in the Kondo regime. In particular, by tuning the lateral displacement of the tip with respect
to the adatom vicinity, the temperature and the position of the adatom level, one can change the
sign of the Seebeck coefficient through charge and spin. This opens a possibility of the microscopic
control of the heat flux analogously to that established for the electrical current.
PACS numbers: 72.10.Fk, 07.79.Fc, 85.75.-d, 72.25.-b
I. INTRODUCTION
In the last few years, the fascinating field of thermo-
electric properties of nano-scale materials is attracting
the growing attention from both experimental1–7 and
theoretical8–11 communities of researchers. In this con-
text, Y. Dubi and M. Di Ventra12 have recently pro-
posed a fundamental setup: two leads connected by a
nanoscopic region, in which thermodynamic quantities
such as temperature can be tuned. The possible exam-
ples are quantum dot embedded inside a ballistic channel
or a molecule efficiently coupled to both substrate and
STM tip7,13. The main goal is to achieve a microscopic
control of the heat flux analogously to that performed for
the electrical current. Such a task was accomplished in
the hybrid S-I-N-I-S materials6, where S stands for the
superconducting leads, I for the insulating barriers and
N for normal metal. In this device, the heat is carried by
the hottest electrons that flow towards the superconduc-
tors causing the cooling of the metallic region. The heat
flux is controlled by the voltage applied to an extra lead
and it can be increased, decreased or kept constant just
by changing this voltage similarly to what is done with
electrical current through an ordinary transistor.
Additionally, novel effects are manifested in the pres-
ence of ferromagnetic leads14–26 and long spin-relaxation
time27,28 when thermoelectric properties become spin-
dependent. In this case the spin degeneracy of the chem-
ical potentials is lifted and the phenomenon known as
spin accumulation arises, thus affecting the behavior of
the thermoelectric quantities.
Another setup promising for the control of thermoelec-
tric flux consists of scanning tunneling microscopy break
junction (STMBJ)7,29. In this geometry, molecules are
trapped between an STM tip of Au kept at the room
temperature T and a substrate of the same material hav-
ing different temperature T + ∆T . Molecular junctions
are created by moving the STM tip towards the surface
of the metallic electrode and when the circuit is closed,
a bias-voltage is applied and the current is measured.
In the aforementioned systems, the dynamics is ruled
by the laws of quantum mechanics, thus leading to wave
phenomena analogously to those observed in classical me-
chanics. In particular, we highlight the so-called beating
effect, which is due to the interference between two waves
that propagate in the same direction with equal ampli-
tudes and slightly different frequencies and wavenumbers.
Beating effects appear under certain circumstances in
condensed matter physics. As an example they can be
detected by using of the technique of Faraday rotation
in CdSe quantum dots: the Zeeman splitting produces
a beating pattern in the spin magnetization30. Simi-
lar feature is also present in a device composed by two
quantum dots coupled to source and drain leads31. In
such a system, oscillatory gate voltages characterized by
slightly different frequencies are attached to these dots
and produce beating pattern in the current signal. Ad-
ditionally, the appearance of the beats in STM setups
has been recently detected in the NbS3 one-dimensional
conductor32,33.
In this work we focus on the theoretical study
of the thermoelectric properties of spin-polarized two-
dimensional electron gas (2DEG) hosting a Kondo
adatom coupled to an STM tip as sketched in Fig. 1.
The setup is treated by using the single-impurity An-
derson Hamiltonian34 and the atomic approach35,36 for
the Green’s functions, in which the STM tip and the
“host+adatom” systems play, respectively, the roles of
the cold and hot reservoirs. In the framework of the lin-
ear response theory, when voltage and temperature gra-
2dients are small, we derive analytical expressions for the
thermoelectric coefficients characterizing the system. We
find that in the Kondo regime these quantities as func-
tions of the STM tip position exhibit beating patterns,
which are due to the dependence of Fermi wavenumbers
of the host on spin. We show that in the regime of large
Fano factor37,38, the thermopower (Seebeck coefficient)
alternates its sign by changing the following degrees of
freedom: the lateral separation of the STM tip with re-
spect to the adatom, the temperature and the position of
the adatom level. It is worth mentioning that to tune the
adatom level with respect to the host Fermi energy, we
consider in the model an AFM tip capacitively coupled
to this adatom, thus allowing one to control the position
of its energy level as originally proposed by some of us
in Ref. [39]. The cases of presence and absence of the
spin accumulation phenomenon are considered. In both
of them, positive and negative signs imply that the car-
riers responsible for heat conductance are electrons and
holes, respectively. Thus we show in this work that the
system outlined in Fig. 1 operates as a filter of the spin
dependent carriers responsible for the heat conductance.
To our best knowledge, experimental data are not
available for the device we consider, but the standard
procedure used in the STMBJ experiments should allow
experimental verification of our predictions. It is worth
mentioning that STMBJ device usually operates under
room temperature, which could be an obstacle for the
implementation of such a technique in Kondo regime re-
quired for the emergence of the beats. On the other hand,
the magnitudes of TK for adatoms are higher with re-
spect to those found in quantum dots and lie within the
range 50K . TK . 100K
40, and thus the observation of
the beating patterns in thermoelectric coefficients should
not be very complicated experimentally.
It is worth mentioning that the recent experimental
findings of Ref. [41] point out that the STM conductance
measurements at 5K for the 2DEG made by the adsorp-
tion of Cs on the p-doped InSb(110) surface, in particular
under the presences of strong magnetic and electric fields
yield an enhanced Rashba effect and consequently, the
spin splitting phenomenon that reveals beating patterns
in the local density of states (LDOS). These beats are
due to the slightly different Fermi wave numbers that
appear in the system similarly to ours, thus such results
attest the experimental feasibility concerning the catch-
ing of beats in STM systems and turn the proposal of
this manuscript promising in the same sense.
This paper is organized as follows: in Sec. II, we de-
velop the theoretical model for the system sketched in
Fig. 1 as well as the derivation of the expressions for
thermoelectric coefficients and the Green’s function of
the Kondo adatom. The results are present in Sec. III
and in Sec. IV, we summarize our concluding remarks.
Figure 1. STM device composed by a normal tip (cold reser-
voir) and a Kondo adatom hybridized with a spin-polarized
two-dimensional electron gas (hot reservoir). The parameters
tdR and tc correspond to the hopping terms in the Hamilto-
nian. In Kondo regime, the thermoelectric properties charac-
terized by the electrical and thermal conductances, the ther-
mopower (Seebeck coefficient) and Lorenz number entering
into the Wiedemann-Franz law exhibit beating patterns if
STM tip is displaced laterally with respect to the adatom
position. An AFM tip capacitively coupled to the adatom is
required as previously proposed in Ref. [39] to tune its energy
level.
II. THEORETICAL MODEL
The system we investigate (see Fig.1) is described by
the following Hamiltonian
Htotal = Hhost +Htip +Htun, (1)
where Hhost corresponds to the host electrons in 2DEG
and adatom, Htip to the STM tip and Htun to the tip-
host hybridization. In frameworks of the single-impurity
Anderson model34 the terms in Eq. (1) read:
Hhost =
∑
~kσ
εkσc
†
~kσ
c~kσ + Ed
∑
σ
d†σdσ
+ V
∑
~kσ
(c†~kσ
dσ +H.c.) + Ud
†
↑d↑d
†
↓d↓. (2)
Here the electrons in the host are described by the
operator c†~kσ
(c~kσ) for the creation (annihilation) of an
electron in a quantum state labeled by the wave number
~k with an energy
εkσ =
~
2k2
2m
−Dσ, (3)
where Dσ = D(1 + σP ) is the band half-width in the
presence of spin polarization, P is polarization degree of
the host defined as
P =
ρ↑host − ρ
↓
host
ρ↑host + ρ
↓
host
, (4)
3where ρσhost are spin dependent densities of states. For
the adatom, d†σ (dσ) creates (annihilates) an electron in
the state Ed. Parameter V describes the hybridization
of the adatom with 2DEG. The last term in Eq. (2)
accounts for the on-site Coulomb interaction U .
The Hamiltonian of the tip corresponds to the free elec-
trons described by fermionic operators b†~qσ and b~qσ and
reads:
Htip =
∑
~qσ
εqb
†
~qσb~qσ. (5)
The tunneling Hamiltonian can be expressed as:
Htun = tc
∑
~qσ
b†~qσψ
σ
R +H.c., (6)
where tc is the STM tip-host coupling,
ψσR =
∑
~k
φ~k(
~R)c~kσ + (π∆ρ0)
1/2qdσ (7)
is the field operator that accounts for the Fano inter-
ference of the tip to 2DEG and tip to adatom paths,
φ~k(
~R) = ei
~k. ~R, ∆ = πV 2ρ0 is the Anderson parameter
and q is the Fano factor of the STM device. The latter
can be expressed as:
q =
tdR
tc
= q0e
−kFR, (8)
where tdR and tc are hopping terms as outlined in Fig. 1,
kF is the Fermi wave number of the host in the case P = 0
and R is a lateral distance between the tip and the host.
Note that according to the Eqs. (7) and (8), the limit
q0 ≫ 1 represents the situation in which the tip is highly
hybridized with the adatom, while in the opposite regime
q0 ≪ 1, the tip is strongly connected to the surface [see
Fig. 1]. Naturally, the increase of the distance between
the tip and adatom leads to the quenching of the coupling
between them, and for kFR ≫ 1 the Fano parameter
drops to zero.
A. Thermoelectric coefficients
By applying the linear response theory, and treating tip
to host coupling term Htun perturbatively, it is possible
to show that in absence of spin accumulation27,28, the
charge and spin conductances, G and GS , are given by
the following expressions:
G = G↑ +G↓ = e
2
∑
σ
Ioσ (9)
and
GS =
e~
2
∑
σ
σIoσ, (10)
where σ = +1 and σ = −1 respectively for spin-up and
down channels. Similarly, the thermal conductance and
the Seebeck coefficient (thermopower) are given by
K =
1
T
(∑
σ
I2σ −
(
∑
σ I1σ)
2∑
σ Ioσ
)
(11)
and
S = −
1
eT
∑
σ I1σ∑
σ Ioσ
, (12)
where e > 0 stands for the electron charge. To calculate
the transport coefficients Io, I1, and I2, we follow the
paper of B. Dong and X. L. Lei8:
Inσ =
1
h
ˆ (
−
∂nF
∂ω
)
ωnτσ(ω,R)dω, (13)
with
τσ(ω,R) = τbρ
σ
LDOS(ω,R), (14)
where h is the Planck constant, nF stands for the Fermi-
Dirac distribution, τσ(ω,R) is the spin-dependent trans-
mittance, ρσLDOS(ω,R) is the spin-polarized local density
of states (LDOS) of the “host+adatom” system at the
position ~R in the host surface and τb = Dσ/(1 + q
2) is
the normalization factor.
For the case of spin accumulation, which is character-
ized by the lifting of the spin degeneracy in the chemical
potentials of the leads, the expressions for the thermal
conductance and thermopower should be modified27,28:
K¯ = K¯↑ + K¯↓ =
1
T
∑
σ
(
I2σ −
I21σ
Ioσ
)
(15)
and
S¯ =
1
2
(S↑ + S↓) = −
1
2eT
∑
σ
I1σ
Ioσ
. (16)
We can also define the spin thermopower SS by the
relation
SS =
1
2
(S↑ − S↓) = −
1
2eT
∑
σ
σ
I1σ
Ioσ
. (17)
Notice that differently from the case in which there
is no spin accumulation the thermal conductance can be
represented as sum of the terms corresponding to spin up
and down channels (compare Eq. (15) and Eq.(11)).
According to the Wiedemann-Franz (WF) law in or-
dinary metals, the ratio between the electronic contribu-
tion to the thermal conductance K and the temperature
4T times the electrical conductance G known as Lorenz
ratio11,
L
Lo
≡
K(T )
TG(T )
, (18)
where Lo takes an universal value for the Drude gas and
is given by L0 = (
π2
3
)(kBe )
2, where kB is the Boltzmann
constant and e is the electron charge. In our calculations,
the ratio above differs from L0 and together with conduc-
tance and Seebeck coefficient reveal beating patterns as
function of tip-adatom separation.
In order to obtain the LDOS necessary for the calcu-
lation of thermoelectric coefficients, it is convenient to
define the retarded Green’s function for the field opera-
tor in Eq. (7), which in time domain reads:
RσψRψR (t) = −
i
~
θ (t) Tr{̺[ψσR (t) , ψ
σ†
R (0)]+}, (19)
where θ (t) is the Heaviside function, Tr stands for the
trace over the Hamiltonian states, ̺ is the density ma-
trix of the system described by the Hamiltonian [Eq. (2)]
and [· · · , · · · ]+ stands for the anticommutator. From
Eq. (19), the LDOS of the host can be obtained as
ρσLDOS(ω,R) = −
1
π
Im(R˜σψRψR), (20)
where R˜σψRψR is the Fourier transform of R
σ
ψRψR
(t).
To determine an analytical expression for the LDOS,
we apply the equation-of-motion approach. Placing Eq.
(7) into Eq. (19), one gets:
RσψRψR(t) =
∑
~k~q
φ~k(
~R)φ∗~q(
~R)Rσc~kc~q
+ (π∆ρ0)q
2Rσdd
+ (π∆ρ0)
1/2q
∑
~k
[φ∗~k(
~R)Rσdc~k
+ φ~k(
~R)Rσc~kd
],
(21)
which depends on the Green’s functions Rσc~kc~q
, Rσdc~k
,
Rσc~kd
and Rσdd. First, we have to find
Rσc~kc~q
(t) = −
i
~
θ (t) Tr{̺[c~kσ (t) , c
†
~qσ (0)]+} (22)
by acting the operator ∂t ≡ ∂/∂t on Eq. (22). We obtain
∂tR
σ
c~kc~q
(t) = −
i
~
δ (t) Tr{̺[c~kσ (t) , c
†
~qσ (0)]+}
−
i
~
εkR
σ
c~kc~q
(t)−
i
~
VRσdc~q (t) , (23)
where we used that
i~∂tc~kσ (t) = [c~k,Hhost] = εkc~kσ + V dσ (t) . (24)
In the energy domain ω, we solve Eq. (23) for R˜σc~kc~q
and obtain
R˜σc~kc~q =
δ~k~q
ε+ − εk
+
V
ε+ − εk
R˜σdc~q , (25)
where ε+ = ω + iη and η → 0+. Notice that we also
need to calculate the mixed Green’s function R˜dc~q . Anal-
ogously, we find
R˜σdc~q =
V
ε+ − εq
R˜σdd = R˜
σ
c~qd
. (26)
Now within the wide band limit D →∞, we place Eq.
(26) into Eq. (25) and then substitute these equations
back into Eqs. (20) and (21). This procedure results into
the following expression for the spin-polarized LDOS of
the system:
ρσLDOS(ω,R) = ρ
σ
host + ρ0∆[(F
2
σ − q
2)Im(R˜σdd)
+ 2FσqRe(R˜
σ
dd)] (27)
where
Fσ =
1
ρ0
∑
~k
φ~k(
~R)δ(ε− εkσ) =
ρσhost
ρ0
J0(kFσR) (28)
accounts for the Friedel oscillations described by the ze-
roth order Bessel function J0 dependent on the spin-
dependent Fermi wavenumbers as follows:
kF↓ =
√
1− P
1 + P
kF↑, (29)
where in all the figures we choose kF = kF↑ and kF↓ is
calculated employing the above equation.
Additionally, to determine the LDOS, we need to find
the Green’s function R˜σdd of the adatom. In the present
work it is obtained via the atomic approach in the limit
of infinite on-site Coulomb interaction.
B. The atomic approach
In order to implement the atomic approach for the case
of the infinite Coulomb energy35, we begin with Eq. (2)
expressed as
Hhost =
∑
~kσ
εkσc
†
~kσ
c~kσ + Ed
∑
σ
Xd,σσ
+ V
∑
~kσ
(c†~kσ
Xd,0σ +H.c.), (30)
where Xp,ab = |p, a〉〈p, b| is the Hubbard operator that
projects out the doubly occupied state from the adatom
to ensure the limit of infinite Coulomb correlation, the la-
bel (a, b) defines the parameters associated with the cor-
responding atomic transition. This formalism is based
on an extension of the Hubbard cumulant expansion also
applicable to the Anderson lattice with impurity-host
couplings treated as perturbations. The use of this ex-
pansion allows one to express the exact Green’s function
in terms of an unknown effective cumulant. In previ-
ous works35,36, we have studied the Anderson impurity
with an approximate effective cumulant obtained from
5the atomic limit of the model in a procedure that we call
the zero band width (ZBW) approximation.
As we are interested in the exact Green’s function for
the adatom, we use the standard definition
Rσdd (t) = −
i
~
θ (t) Tr{̺[dσ (t) , d
†
σ (0)]+}. (31)
The Fourier transformation of Eq. (31) over time co-
ordinate provides the adatom Green’s function in energy
domain, which is then obtained by replacing the bare cu-
mulant by the effective one calculated by following the
atomic approach with the Hamiltonian in Eq. (30). As
a result, we have
R˜σdd(ω) =
Mσeff(ω)
1−Meffσ (ω)|V |2
∑
~k R˜
σ
c (
~k, ω)
, (32)
for the adatom Green’s function in terms of the effective
cumulantMσeff(ω) and the free-electron Green’s function
R˜σc (
~k, ω) =
1
ω − ε~kσ + iη
, (33)
where η → 0+. The atomic version of Eq. (32) is given
by:
R˜σdd,at(ω) =
Mσat(ω)
1−Mσat(ω)|V |
2R˜σZBW(ω)
, (34)
which results in
Mσat(ω) =
R˜σdd,at(ω)
1 + R˜σdd,at(ω)|V |
2R˜σZBW(ω)
, (35)
for the effective cumulant determined from the adatom
Green’s function, both dependent on
R˜σZBW(ω) =
1
ω − (ǫ0σ − µ) + iη
, (36)
for an electron state, in the ZBW approximation with
µ as the chemical potential of the host. As one can
see, Eq. (36) replaces all energy contributions of the
original Fermi sea by two spin dependent atomic levels,
i.e., one can perform the substitution
∑
~kσ εkσc
†
~kσ
c~kσ →∑
σ ǫ0σc
†
0σc0σ in Eq. (30) with ǫ0↑ = (1 + P )ε0↑ and
ǫ0↓ = (1−P )ε0↓ representing the band atomic levels cor-
responding to each one of the spin polarized conduction
bands (for more details see the Appendix of the atomic
approach work in Ref. [35]). The ZBW overestimates the
conduction electrons contribution concentrating them at
a single energy level ǫ0σ, and to moderate this effect we
shall replace V 2 by ∆2σ in Eqs. (34) and (35), where
∆σ = πV
2/2Dσ is the spin-dependent Anderson param-
eter.
To determine the adatom Green’s function, we use the
atomic cumulant Mσat(ω) in Eq. (32) and verify that
R˜σdd(ω) =
Mσat(ω)
1−Mσat(ω)
|V |
2
2Dσ
ln
[
ω −Dσ + µ
ω +Dσ + µ
] , (37)
which provides an analytical expression in the flat band
approximation. The Stoner splitting was not considered
in this equation, just that arising from the exchange field
of the host, since the former breaks the particle-hole sym-
metry of the conduction band in this host and prevents
the employment of the Friedel’s sum rule in the current
version of the atomic approach. In principle, we could
extend the Friedel’s sum rule to account the Stoner split-
ting, but the spin splitting of the Kondo peak arises from
the aforementioned exchange field, which is the most rel-
evant effect that defines, in combination with the slightly
different spin-dependent Fermi wave numbers of the host,
the behavior of the thermoelectric properties of the sys-
tem.
As the final step we have to find the proper values
of the effective atomic levels ε0σ that well describe the
ZBW Green’s functions in Eq. (36) and consequently,
the adatom Green’s function. To that end, we use the
condition that in metallic systems the most important
region in the energy range for conduction electrons is
located at the chemical potential µ and that the Friedel’s
sum rule is satisfied42 for the adatom spectral density:
ρd,σ(µ) = −
1
π
Im[R˜σdd(µ)] =
sin2[δσ(µ)]
π∆σ
, (38)
where δσ(µ) = πnd,σ is the conduction phase shift
at the chemical potential, and nd,σ is the spin depen-
dent adatom occupation. We can thus calculate self-
consistently the atomic levels ε0σ using Eq. (38) together
with the relation
nd,σ = 〈Xd,σσ〉 = −
1
π
ˆ +∞
−∞
nF Im(R˜
σ
dd,at(ω))dω. (39)
Rigorously speaking, the Friedel’s sum rule is only valid
for the temperature T = 0K, but we employ it as an ap-
proximation at temperatures below or in the same order
of the Kondo temperature by determining the parameter
ε0σ in Eq. (36) to fix the Kondo peak at the chemical
potential µ = 0. As in the atomic approach a closed
expression for TK is unknown, its definition can be per-
formed qualitatively just by imposing the half-width of
the Kondo peak as an approximated measure of such a
quantity. For the case of the parameters employed in the
current calculation, we obtain from the LDOS of Fig. 2
with qo = 10.0 that TK ≃ 0.002∆, thus ensuring the ap-
plicability of the method. We emphasize that the fulfill-
ment of the Friedel’s sum rule is indispensable to describe
the Kondo peak below TK , since at high temperatures
as T ≥ ∆, the system is driven to a regime where the
Friedel’s sum rule breaks and the Kondo peak no longer
exists. For this situation, the atomic approach recovers
the standard Hartree-Fock description of the single im-
purity Anderson model43.
Additionally, we stress that the Friedel’s sum rule in
combination with the atomic approach enclose exclu-
sively local calculations as that of the adatom Green’s
function, which is a spatial independent quantity accord-
ing to Eq. (34). As a result, it ensures that the energy
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Figure 2. (Color online) The plot of total transmittance
τ (ω) = τ↑(ω,R = 0) + τ↓(ω,R = 0) entering into Eq.
(14) as function of ω for several representative values for q0:
q0 = 100.0, q0 = 10.0, q0 = 1.0 and q0 = 0.01. In the Kondo
regime, it exhibits two characteristic peaks: the resonance
due to the localized level Ed in the domain ω < 0 and the
Kondo peak placed at the chemical potential ω = µ = 0 of
the host. The other values for qo show the crossover from the
Kondo limit towards the Fano antiresonance regime, which is
observed with qo = 0.01. The inset shows the behavior of the
transmittance in the vicinity of µ = 0. Off the resonances,
the transmittance decays to unitary value of the background
contribution. The values of the parameters are: P = 0 (non
magnetic host), Ed = −12∆, V = 8.0∆ and T = 0.001∆.
excitations in the host conduction band do not depend
on this degree, thus preventing an oscillatory behavior by
means of the impurity. Indeed, such a signature arises
from Friedel oscillations in the 2DEG, being assisted by
slightly different spin-dependent Fermi wave numbers,
which are the source of the beats in the LDOS as we
will discuss in the next section. These features can be
confirmed looking at Eqs. (27), (28) and (29), where we
can clear visualize an explicit dependence on the STM-
tip position pulled out from the Green’s function of the
adatom.
By employing the atomic approach, we can find the
transmittance τ(ω) = τ↑(ω,R = 0) + τ↓(ω,R = 0) (see
Eq. (14)) as a function of the single particle energy
ω. For the case of the STM tip placed right above the
adatom (R = 0) the result is shown at Fig. 2. The Fano-
Kondo behavior is ruled by the parameter qo defined in
Eq. (8). For qo >> 1 we have the Kondo limit, while
qo << 1 leads to the Fano antiresonance regime. To per-
ceive this feature, we plot several representative values
of the parameter qo in Fig. 2, just in order to verify the
crossover from the Kondo limit qo = 100.0 towards the
Fano antiresonance regime established by qo = 0.01. In
the inset of the same figure, we show in detail such a
crossover in the vicinity of µ = 0. As we employed in the
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Figure 3. (Color online) Total transmittance τ (ω) =
τ↑(ω,R = 0)+ τ↓(ω,R = 0) entering into Eq. (14) as function
of ω for several representative P values: P = 0, P = 0.30
and P = 0.50. The values of the parameters are: qo = 10.0,
Ed = −12∆, V = 8.0∆ and T = 0.001∆
calculations qo = 10.0, the transmittance is character-
ized by the Kondo peak, but with a small fingerprint of
the Fano effect. Moreover, off the resonances, the trans-
mittance approaches the unitary value of the background
contribution, which arises from the conduction band of
the metallic surface. This confirms that the atomic ap-
proach is a reliable technique to capture the many-body
physics of the Kondo effect, which allows us to safely ap-
ply it to the analysis of the thermoelectric properties of
the setup presented in the next section.
In Fig. 3 we plot the total transmittance τ(ω) as func-
tion of ω for several values of P : P = 0, P = 0.30 and
P = 0.50. In the Kondo regime, we can observe two
characteristic peaks: the broader resonance is due to the
localized level Ed of the adatom, while the sharper is the
Kondo peak placed at the chemical potential ω = µ = 0
of the host. As the polarization increases, the spin-up
and down channels become resolved, thus yielding two
satellite structures around µ = 0 as can be clearly visu-
alized in the inset for the case P = 0.50.
III. RESULTS
In this section we present the results for thermoelectric
coefficients characterizing the system keeping the values
of the parameters used in Fig. 2 and shown in the corre-
sponding caption.
In Fig. 4 we show the electrical conductance G of Eq.
(9) in units of Go = e
2/h as a function of kFR. We com-
pare the behaviors of G for the same value of host po-
larization P and two different values of Fano parameter
qo = 10.0 and qo = 0.1. In the former case, the electrical
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Figure 4. (Color online) (a) Electrical conductance G as func-
tion of tip-adatom separation in Fano-Kondo regime. For
q0 = 10 constructive Fano interference combined with Kondo
effect leads to the appearance of the conductance maximum
at kFR = 0. Contrastingly, in the case of q0 = 0.10 the Fano
interference is destructive, which leads to the conductance
minimum at kFR = 0. In both cases, Friedel oscillations are
clearly seen for finite values of kFR and reveal universal pat-
tern independent on q as it is shown at the inset. The values
of the parameters are P = 0.05, Ed = −12∆, V = 8.0∆ and
T = 0.001∆.
conductance at kFR=0 remains close to G/Go = 2, since
the STM device acts as a single electron transistor44,45.
On the other hand, for qo = 0.1 due to the destructive
interference the electrical conductance is completely sup-
pressed in analogy to that observed in T-shaped quantum
dots46. For kFR > 5, spin-polarized Friedel oscillations
manifest, their shape is independent on q and is ruled
exclusively by the polarization P as it is shown at the
inset of Fig. 4.
To better understand the spin-polarized Friedel oscil-
lations, we split the electrical conductance G into spin
resolved parts G↑ and G↓ as it is displayed in Fig. 5
for P = 0.05. As one can see the spin-up component is
shifted towards higher values of G and spin-down com-
ponent moves in the opposite direction. This is due the
spin-dependence of LDOS entering into Eqs. (9), (13)
and (14). The difference in the Fermi wavenumbers for
spin-up and spin-down electrons kF↑ and kF↓ results in
a slight difference of the frequencies of the oscillations
for spin resolved components of the conductance, which
leads to the onset of the beating pattern in the total con-
ductance shown at the inset (a) in the region of large
tip-adatom separations. In the range of small distances
between adatom and STM tip, such a feature does not
emerge as it is seen at the inset (b).
In Fig. 6 we plot the spin electrical conductance GS
of Eq. (10) within the Kondo regime as function of the
tip-adatom separation for several values of P . Near the
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Figure 5. (Color online) Spin-resolved electrical conductances
G↑ and G↓ in the Kondo regime as function of tip-adatom
separation. Due to the non-zero polarization of the host (P =
0.05) the conductance in spin-up channel is bigger than the
conductance in spin-down channel. Both channels reveal spin
dependent Friedel oscillations. The used parameters are: q0 =
10, P = 0.05 (ferromagnetic host), Ed = −12∆, V = 8.0∆
and T = 0.001∆. The insets for G = G↑ + G↓ show the
regime of the large distances where beating pattern is clearly
observed (inset (a)) and small distances, where this pattern
is absent (inset (b)).
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Figure 6. (Color online) Spin electrical conductance GS in
the Kondo regime as function of tip-adatom separation for the
polarization P = 0.10 (
kF↓
kF↑
= 0.9), P = 0.30 (
kF↓
kF↑
= 0.73)
and P = 0.80 (
kF↓
kF↑
= 0.33). For lower polarizations, the
beating pattern is present, but as the polarization increases
such a pattern disappears gradually. The used parameters
are: q0 = 10.0, Ed = −12∆, V = 8.0∆ and T = 0.001∆. The
inset shows the beats for P = 0.10, P = 0.30 and P = 0.80.
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Figure 7. (Color online) Total conductance as function of
the adatom-tip separation presented for different values of the
temperature. For temperatures above Kondo temperature the
beating pattern is suppressed. The inset shows the behavior of
the conductance for small tip-adatom separations. The used
values of the parameters are: q0 = 10, P = 0.15 (magnetic
host), Ed = −12∆ and V = 8.0∆.
adatom site, GS presents strong oscillations and faraway
from this position, in particular for the situation of lower
polarizations as P = 0.10, a beating pattern is verified in
the GS profile. In the insets (a), (b) and (c) we present
the evolution of the beats corresponding to the curves of
the main plot. For P = 0.10 (inset (a)), the beating pat-
tern is present, while for P = 0.30 it no longer exists but
the curve of the inset (b) still preserves some structure of
the beats. In the case of P = 0.80, such a pattern is com-
pletely absent as we can verify in panel (c). Thereby, this
behavior with increasing P shows that Eq. (29) holds and
that the slightly different spin-dependent Fermi numbers
are the underlying mechanism for the beats formation.
By increasing P , GS is positive and obeys the same trend
ofG↑, which becomes much higher thanG↓, otherwiseGS
would be negative as a result of the inequality G↑ < G↓.
Consequently, the present results due to Eq. (10) point
out that the system can operate as a spin-filter.
In Fig. 7 we present the electrical conductance G/Go
of Eq. (9) as a function of kFR with P = 0.15 and
qo = 10 for different temperatures T . The plot reveals
that the beating pattern only appears at temperatures
below the Kondo temperature TK . As it was discussed
in introduction, the characteristic values of TK lie in the
range 50K . TK . 100K and this regime is thus eas-
ily accessible experimentally. The inset of Fig. 7, shows
the behavior of the electrical conductance for small tip-
adatom separations. One can clearly see that Kondo ef-
fect dominates the tunneling through the adatom leading
to the enhancement of the conductance. As temperature
increases Kondo effect disappears and the conductance
0 20 40 60 80 100
kFR
0.88
0.9
0.92
0.94
0.96
0.98
1.0
K
/T
(L
o
G
o
)
WSA
SA 0 2 4 6 8
kFR
0.8
1.0
1.2
1.4
1.6
1.8
2.0
K
/T
(L
o
G
o
)
Ed=-12.0∆
V=8.0∆
T=0.001∆
P=0.15
Figure 8. (Color online) Thermal conductance K over tem-
perature in LoGo units, in the Kondo regime as function of
tip-adatom separation. Both cases of the absence of spin ac-
cumulation (denoted as WSA) and the presence of spin accu-
mulation (denoted as SA) are presented and show very similar
behavior. The used parameters are: q0 = 10, Ed = −12∆,
V = 8.0∆, T = 0.001∆ and P = 0.15.
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Figure 9. (Color online) Thermopower S in the Kondo regime
as function of tip-adatom separation. Both cases of the ab-
sence of spin accumulation (denoted as WSA) and the pres-
ence of spin accumulation (denoted as SA) are presented. The
used parameters are: q0 = 10, Ed = −12∆, V = 8.0∆,
T = 0.001∆ and P = 0.05 and P = 0.50.
reaches the value given by the background contribution
from the host surface.
Fig. 8 shows the thermal conductances over tempera-
ture of Eqs. (11) and (15) measured in the units of LoGo.
We consider both cases of absence and presence of spin-
accumulation and show that for P = 0.15 the results are
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Figure 10. (Color online) Seebeck coefficient (thermopower)
S of Eq. (12) in the Kondo regime as function of tip-adatom
separation for different values of the polarization of the host.
The inset shows the behavior of S for small tip-adatom sepa-
rations, where S exhibits the alternation of a sign. The heat
flux is transmitted mainly by electrons in the region S < 0
and mainly by holes in the region S > 0. The used parame-
ters are: q0 = 10, Ed = −12∆, V = 8.0∆, T = 0.001∆ and
different values of the spin-polarization P .
almost the same in both situations. However, in the sit-
uation of a large polarization P , the scenarios with and
without the spin-accumulation effect, respectively iden-
tified by the labels SA and WSA, lead to distinguishable
results. As the thermopower is more susceptible to such
a phenomenon than other thermoelectric properties, we
can see that Fig. 9 reveals two distinct behaviors arising
from P = 0.05 and P = 0.50, in which only the latter
shows the SA and WSA cases resolved. The present fea-
ture thus ensures that the scenarios SA and WSA can
deviate from each other just by increasing P.
Fig. 10 shows the thermopower (Seebeck coefficient)
S of Eq. (12) as a function of kFR for different values
of spin-polarization P for the host. The sign of the ther-
mopower allows one to determine the type of the carriers
responsible for the heat conductance: for S < 0 they are
electrons while for S > 0 they are holes. In the inset of
this figure where the Kondo effect becomes dominant the
sign of S changes. As a result, one can tune the type
of carrier responsible for the heat conductance just by
displacing laterally the STM tip from the adatom site.
Therefore, in the Kondo regime the STM device can be
used as filter for carriers of the heat flux.
In Fig. 11 we plot the spin Seebeck coefficient (ther-
mopower) SS of Eq. (17) in the Kondo regime as function
of the tip-adatom separation for several polarization val-
ues. According to Figs. 10 and 11, the magnitude of
S and SS are similar. For each polarization value, SS
presents near the adatom, pronounced oscillations char-
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Figure 11. (Color online) Spin Seebeck coefficient (ther-
mopower) SS of Eq. (17) in the Kondo regime as function
of tip-adatom separation for several polarization values. The
used parameters are: q0 = 10, Ed = −12∆, V = 8.0∆ and
T = 0.001∆. The inset shows the profiles of such quantities
near the adatom.
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Figure 12. (Color online) Spin Seebeck coefficient (ther-
mopower) SS of Eq. (17) and spin components Sσ in
the Kondo regime as function of tip-adatom separation for
P = 0.3. The used parameters are: q0 = 10, Ed = −12∆,
V = 8.0∆ and T = 0.05∆. The inset shows the profiles of
such quantities near the adatom.
acterized by amplitudes that increase just by changing
the polarization from P = 0.05 to P = 0.80.
In the case of spin-accumulation the splitting of the
thermopower into spin-up and down components is al-
lowed contrasting to the case of absence of this phe-
nomenon in which such a feature is not possible as Eqs.
(12) and (16) ensure. Remarkably, despite the knowledge
10
0 20 40 60 80 100
kFR
-0.005
-0.004
-0.003
-0.002
-0.001
0
0.001
0.002
0.003
0.004
0.005
S(
k B
/e
)
T=0.001∆
T=0.01∆
T=0.03∆
T=0.1∆
0 2 4 6 8
kFR
-0.2
-0.15
-0.1
-0.05
0
0.05
0.1
S(
k B
/e
)
Ed=-12.0∆
V=8.0D
P=0.15
Figure 13. (Color online) Seebeck coefficient (thermopower)
S of Eq. (12) in the Kondo regime as function of tip-adatom
separation for different values of the temperature. The in-
set shows the behavior of S for small tip-adatom separations,
which allows one to change the sign of the thermopower vary-
ing the position of the tip at around the adatom and thus con-
trolling the type of the carriers responsible for the heat flux.
The used values of the parameters are: q0 = 10, Ed = −12∆,
V = 8.0∆, P = 0.15.
of the kind of carriers for the heat flux (holes or electrons)
given by the sign of the regular thermopower S, the spin
thermopower SS provides in addition, the access to the
spin degree of freedom (up or down) of these carriers.
Thus, the definition encoded by Eq. (17), which is pro-
portional to the difference S↑ − S↓, opens the possibility
for the knowledge of the heat flux carriers per spin chan-
nel Sσ. As a result, the spin thermopower SS contains
simultaneously information about the charge as well as
the spin of the aforementioned carriers, thus revealing
that the system also behaves as a thermal spin-filter. In
Fig. 12 we find within the Kondo regime for P = 0.3
and T = 0.05∆ with an STM tip faraway the adatom, a
situation in which S↑ is completely suppressed yielding
a heat flux ruled by spin-down electrons as S↓ < 0 and
SS > 0. In the inset of the same figure we present the
profiles of such quantities nearby the adatom where S↑
exhibits finite values and competes with S↓.
In Fig. 13 we show the dependence of S in Eq. (12)
for different values of the temperature. For very low tem-
peratures (T = 0.001∆), the Seebeck coefficient demon-
strates a beating pattern in the range of large tip-adatom
separations in full analogy to the electrical and ther-
mal conductances, but as the temperature increases such
beats gradually disappear. We point out that in the re-
gion of small tip-adatom separations, the thermopower
profile is governed by the Kondo effect near the adatom
as indicated in the inset of Fig. 13.
In Fig. 14 we present the thermopower S of Eq. (12)
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Figure 14. (Color online) Seebeck coefficient (thermopower)
S of Eq. (12) in the Kondo regime as function of tip-adatom
separation for different values of energy of the adatom level
Ed, which can be tuned by employing an AFM tip capacitively
coupled to the adatom as proposed in Ref. [39]. Varying the
value of Ed one observes a crossover from the intermediate
valence regime towards the Kondo limit, which results in the
onset of a pronounced oscillation of Seebeck coefficient in the
region of small tip-adatom separations shown at the inset (a).
Inset (b) shows that the adatom occupation number nd =
nd↑ + nd↓ determined by Eq. (39) attains the unitary limit
as a hallmark that the system is within the Kondo regime for
Ed = −12.0∆. Parameters used are: q0 = 10, V = 8.0∆,
T = 0.001∆, P = 0.15.
as function of kFR for different values of the adatom
level Ed and fixed spin-polarization P . By tuning Ed
from the intermediate valence regime, characterized by
Ed = 0.0 and Ed = −∆, towards the Kondo regime
(Ed = −5.0∆, Ed = −8.0∆ and Ed = −12.0∆), we
demonstrate that the beating pattern is associated to
the rising of the Kondo effect. The inset (a) shows the
behavior of S in the region of small tip-adatom sepa-
rations, where the oscillatory pattern arising from the
Kondo effect is observed for corresponding values of Ed.
The inset (b) shows that the adatom occupation number
nd = nd↑ + nd↓, determined by Eq. (39), approaches the
unitary limit, thus confirming that the system is within
the Kondo limit when Ed = −12.0∆.
In Fig. 15 we plot the value of Lorenz number enter-
ing into Wiedemann-Franz (WF) law (Eq. (18)) in the
Kondo regime in units of the Lorenz number for normal
metals Lo as function of kFR. Similar to other thermo-
electric coefficients, L reveals characteristic beating pat-
tern. At large distances between the tip and the adatom
the amplitude of the beating approaches unity. The inset
(a) shows the behavior of L for small tip-adatom sepa-
rations. One clearly sees that L/L0 6= 1 and thus the
WF law is violated. The fulfillment of the WF law is
recovered again when the temperature is increased. The
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Figure 15. (Color online) Lorenz ratio in the Kondo regime
as function of tip-adatom separation for different values of
spin polarization. The main plot clearly demonstrates the de-
viation of the Lorenz number from its standard value Lo =
(pi
2
3
)( kB
e
)2 and reveals clear beating pattern. Used parame-
ters are: q0 = 10, V = 8.0∆, T = 0.001∆, Ed = −12.0∆,
P = 0.15. The inset (a) shows L for small tip-adatom sepa-
rations for different values of the temperature for which de-
viation from Wiedemann-Franz law is most clearly seen. The
inset (b) shows L for small tip-adatom separations for differ-
ent values of the adatom energy Ed revealing the crossover
from the extreme Kondo limit at Ed = −12.0∆ towards the
intermediate valence regime characterized at Ed = 0.
violation of the WF law becomes most pronounced in the
Kondo regime, when Ed = −12.0∆ and T = 0.01∆, as it
is shown in the inset (b). This is a striking result and has
been discussed recently in the literature47–49. The am-
plitude of the thermopower oscillation near the adatom
presents a close relationship with the maximum violation
of the WF law: the amplitude of S is maximum, as in-
dicated in the inset of Fig. 13, just at the temperature
where the violation of the WF law is maximum as we can
observe in the inset (b) of Fig. 15.
IV. CONCLUSIONS
We have analyzed the beating patterns revealed by
thermoelectric coefficients of the STM system and mag-
netic adatom on conducting surface. The beating pat-
terns emerge at temperatures close to the Kondo tem-
perature in the range of large tip-adatom separations. In
this range, the beats are ruled exclusively by the spin-
polarization degree of the ferromagnetic host. For small
tip-adatom separations there is an extra dependence on
the Fano parameter. Additionally, in this range we have
demonstrated the violation of the Wiedemann-Franz law
and sign-alternating behavior of the Seebeck coefficient
S through charge and spin in the Kondo regime.
The possibility to tune the sign of S opens a way to
control the type of the carriers responsible for the heat
transfer, as cases S < 0 and S > 0 correspond to elec-
trons and holes, respectively. Thus one way to investi-
gate our theoretical predictions is employing the tech-
nique of the scanning tunneling microscopy break junc-
tion (STMBJ).
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